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The Human Homolog of Rat Jagged1 Expressed
by Marrow Stroma Inhibits Differentiation
of 32D Cells through Interaction with Notch1
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Artavanis-Tsakonas and Simpson, 1991). Similar roles
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have been demonstrated for Notch homologs in Caeno-1Stower Institute for Medical Research
rhabditis elegans and Xenopus laevis (Coffman et al.,2Department of Molecular Biotechnology
1990; reviewed by Greenwald and Rubin, 1992). Multiple3Northwest Lipid Research Laboratory
Notch homologs have now been described in higherUniversity of Washington
vertebrates, including Notch1 through Notch4 in rodentsSeattle, Washington 98195
and humans (Ellisen et al., 1991; Weinmaster et al., 1991,4Fred Hutchinson Cancer Research Center
1992; Franco del Amo et al., 1992; Reaume et al., 1992;Division of Clinical Research
Kopan and Weintraub, 1993; Lardeli et al., 1994; Uytten-Seattle, Washington 98104
daele et al., 1996), and considerable evidence is emerg-5Fudan University
ing to support conservation of function in these systemsInstitute of Genetics
(Kopan et al., 1994; Nye et al., 1994; Mitsiadis et al.,Shanghai
1995). The detection of Notch1 mRNA in immature he-People's Republic of China 200433
matopoietic precursor cells from adult human bone mar-
row makes it reasonable to speculate that Notch may
also play a role in mediating cell fate decisions during
Summary hematopoiesis (Milner et al., 1994).
Hematopoiesis is a continuous developmental pro-
A cDNA clone encoding the human homolog of rat cess in which pluripotent stem cells undergo prolifera-
Jagged1 was isolated from normal human marrow. tion and differentiation to produce mature blood cells
Analyses of human stromal cell lines indicate that this of the various lineages while maintaining a compartment
gene, designated hJagged1, is expressed by marrow of uncommitted cells. A role for Notch in regulating he-
stromal cells typified by the cell line HS-27a, which matopoietic differentiation was initially suggested by
supports the long-term maintenance of hematopoietic the cloning of the first human Notch homolog, TAN-1
progenitor cells. G-CSF±induced differentiation of 32D (hNotch1), from a T cell leukemia containing a transloca-
cells expressing Notch1 was inhibited by coculturing tion between this gene and the T cell receptor b gene
with HS-27a. A peptide corresponding to the Delta/ (Ellisen et al., 1991). Additional studies suggest that
Serrate/LAG-2 domain of hJagged1 and supernatants Notch1 plays a role innormal T lymphocytedevelopment
from COS cells expressing a soluble form of the extra- by influencing the CD4/CD8 cell fate decision (Robey et
cellular portion of hJagged1 were able to mimic this al., 1996) as well as ab and gd T cell choices (Washburn
effect. These observations suggest that hJagged1 et al., 1997). The observation that an activated form of
may function as a ligand for Notch1 and play a role in Notch1 can inhibit granulocyte colony-stimulating factor
mediating cell fate decisions during hematopoiesis. (G-CSF)±induced granulocytic differentiation of 32D my-
eloid progenitors (Milner et al., 1996) suggests that
Notch also plays a role in mediating cell fate decisionsIntroduction
in the myeloid lineage.
The evolutionary conservation of Notch function fromInteractions among adjacent cells can result in sequen-
invertebrate to mammalian systems is reflected in thetial and combinatorial control of gene expression that
conservation of a number of molecules that directly in-gradually restricts the developmental potential of indi-
teract with Notch, including both extracellular Notchvidual cells, permitting the establishment of distinct ma-
ligands and components of the intracellular pathwayture lineages and defined pattern formation. An example
such as Supressor of Hairless (Su[H]) and its mammalianis provided by the interactions between members of the
homolog RBP-Jk (recombination recognition sequenceNotch receptor family and Notch ligands, which function
binding protein at the Jk site) (Tamura et al., 1995;in a number of different systems (reviewed by Artavanis-
Hsieh et al., 1996). Several Notch ligands have beenTsakonas et al., 1995; Nye and Kopan, 1995; Simpson,
identified thus far, including Delta and Serrate in Dro-1995).
sophila (Baker et al., 1990; Cuoso et al., 1994; reviewedNotch has been shown to play a central role during
by Muskavitch and Hoffmann, 1990); LAG-2 and APX-1embryogenesis in Drosophila melanogaster, providing
in C. elegans (Henderson et al., 1994; Mello et al., 1994;temporally and spacially defined signals for appropriate
Tax et al., 1994); X-Delta-1 in Xenopus (Chitnis et al.,cell fate specification during development of the central
1995); C-Delta-1 (Henrique et al., 1995) and C-Serrate-1and peripheral nervous systems, eye, mesoderm, wing,
in the chick (Myat et al., 1996); Delta-like-1 (Dll1) and
Serrate-1 in the mouse (Bettenhausen et al., 1995; Mitsi-
adis et al., 1997); and Jagged in the rat (Lindsell et al.,6 These authors contributed equally.
1995; Shawber et al., 1996). All of these Notch ligands7 To whom correspondence should be addressed (e-mail: molbiotk
@u.washington.edu). share two important extracellular features: a domain
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defined by a conserved region among Delta, Serrate, cDNA amplified by polymerase chain reaction (PCR) us-
ing degenerate primers, P4±4 and P4±8, which corre-and LAG-2 (the DSL domain) (Tax et al., 1994), and tan-
spond to portions of the conserved DSL and EGF-likedem epidermal growth factor (EGF) repeats. Serrate and
repeat domains of rJagged1 (Lindsell et al., 1995). TenJagged share an additional cysteine-rich domain (Lind-
PCR products of potential interest, ranging in size fromsell et al., 1995). Both the DSL and EGF domains are
300±1400 bp, were identified, cloned, and sequenced.thought to be involved in ligand±receptor interactions
One of the clones, Sdi-06, containing a 327 bp insert,(Rebay et al., 1991; Lieber et al., 1992; Henderson et al.,
was found to encode part of the DSL and EGF-repeat1994).
domains. The sequence of this fragment predicts 96%Tissue coexpression and physical interactions be-
amino acid identity with the corresponding region oftween Delta and Notch as well as Serrate and Notch
rJagged1 (amino acids [aa] 205±312), 84% with C-Ser-have been well documented in Drosophila (Rebay et al.,
rate-1 (aa 178±286), and 52% with C-Delta-1 (aa 203±1991; Kooh et al., 1993). Until just recently mouse Dll1
311). We conclude that Sdi-06 contains a partial cDNAand two rat Jagged molecules (rJagged1 and rJagged2)
fragment of the human homolog of rJagged1.were the only mammalian Notch ligands that had been
To obtain a complete cDNA clone of hJagged1, aidentified. Evidence that rJagged1 functions as a ligand
human bone marrow cDNA library was screened withfor Notch1 was demonstrated by the inhibition of muscle
32P-labeled Sdi-06. One of the cDNA clones isolated,cell differentiation in Notch1-expressing C2C12 cells
D-01, was found to contain the 59 end of hJagged1 withcultured with fibroblasts expressing rJagged1 protein
417 bp of untranslated region and 2270 bp of coding(Lindsell et al., 1995), an effect also observed with the
region by sequence analysis. To obtain the 39 end ofoverexpression of activated forms of Notch1 in these
hJagged1, the same human bone marrow cDNA librarycells (Kopan et al., 1994). More recently, an antisense
was rescreened with 32P-labeled rJagged1 cDNA, gener-oligonucleotide specific for a human homolog of Jagged
ously provided by G. Weinmaster (Lindsell et al., 1995).was shown to enhance growth factor±induced endothe-
One of thecDNA clones identified with this probe,Y-A01,lial cell migration in vitro, suggesting a role for Jagged±
was found to contain 2.4 kb of coding region and 1.5Notch signaling in angiogenesis (Zimrin et al., 1996).
kb of 39-end untranslated region. A full-length cDNA ofIn this report, we describe the identification and isola-
hJagged1 (hJagged1, 5.5 kb) was assembled by com-tion of a human homolog of rJagged1 from bone marrow
bining D-01 and Y-A01 as described in the Experimental
and provide evidence that this molecule, hJagged1,
Procedures. The hJagged1 gene was mapped to chro-
functions as a ligand for Notch1. While hJagged1 is
mosome 20p12 by fluorescence in situ hybridization,
widely expressed in a variety of human tissues, its ex-
using two genomic BAC clones, 49D9 and 125B1, which
pression in bone marrow appears to be restricted to
were identified by hybridization with the Sdi-06 probe
subpopulations of cells, including those approximated
(data not shown).
by the human stromal cell line HS-27a. This cell line has The full-length hJagged1 clone described contains an
been shown to promote the proliferation and mainte- open reading frame of 3657 bp, predicted to encode a
nance of hematopoietic progenitor cells for 5±8 weeks protein product having 1219 amino acids (Figure 1A).
in a manner similar to cobblestone area formation in Analysis of the amino acid sequence indicates that
primary long-term marrow cultures (Roecklein and Torok- hJagged1 is a transmembrane protein with a large extra-
Storb, 1995). We tested the capacity of HS-27a cells to celluar domain and a very short intracellular domain.
activate Notch1 in hematopoietic progenitors by cocul- The hJagged1 protein shares structural features with
turing HS-27a cells with 32D myeloid progenitors trans- Drosophila Delta, Drosophila Serrate, and rJagged1, in-
duced with a full-length form of Notch1. We show that cluding a DSL motif and 16 EGF-like repeats within the
HS-27a cells permit survival and proliferation but in- extracellular domain. A cysteine-rich region in Serrate
hibit granulocytic differentiation of full-length Notch1± and rJagged1 is also conserved in hJagged1 (Figure 1B).
expressing 32D (FLN-32D) cells, similar to the effects Figure 1A also shows the alignment of the amino acid
previously shown with constitutive expression of an acti- sequences of hJagged1 and rJagged1. The hJagged1
vated intracellular form of Notch1 in these cells (Milner et protein has 94% overall amino acid identitywith rJagged1.
al., 1996). In addition, we show that conditioned medium The DSL and EGF-repeat domains have an even higher
from COS cells expressing a secreted extracellular degree of conservation, with hJagged1 and rJagged1
hJagged1 protein and a peptide corresponding to the having 96% amino acid sequence identity in these do-
DSL domain of hJagged1 have the same functional ef- mains. The comparison of hJagged1 with rJagged1 re-
fects in this system. veals several distinct amino acid substitutions. Two pro-
lines (residues 5 and 10) in the signal peptide region
of rJagged1 are replaced with arginine (residue 5) and
Results serine (residue 10) in hJagged1, respectively. The region
between the signal peptide and the DSL motif contains
Isolation, Sequencing, and Analysis a very short region consisting of dissimilar amino acid
of hJagged1 cDNA sequences (AEPGTLVRPY [aa 56±65] in rJagged1 and
To identify potential human Notch ligands expressed in GGARNPGDR2 [aa 56±64] in hJagged1). There is a sub-
the bone marrow microenvironment, we used degener- stitution of proline (residue 195 in rJagged1) to phe-
ate oligonucleotides corresponding to conserved re- nylalanine (residue 194 in hJagged1) within the DSL motif.
gions of known Notch ligands to amplify RNA obtained There are several amino acid differences between rJag-
from human bone marrow. The poly(A)1 RNA was reverse ged1 and hJagged1 within the EGF-repeat region; how-
ever, none of these differences is of clear significance.transcribed using random primers and the resulting
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Figure 1. Predicted Amino Acid Sequence
and Protein Structure of Human Jagged1
(A) Alignment of amino acid sequences be-
tween hJagged1 (hJg1) and rJagged1 (rJg).
The peptide signal (aa 1±21), the EGF-like re-
peats (aa 234±862), and the transmembrane
domain (aa 1077±1091) are shown in bold
type. The DSL domain (aa 185±239) and the
cysteine-rich region (aa 863±1012 ) are under-
lined.
(B) The protein structure of human Jagged1.
SP, signal peptide; DSL, a domain unique to
Notch ligands, shared by Drosophila Delta
and Serrate and C. elegans LAG-2; EGF-like
repeats, epidermal growth factor±like re-
peats; CR, cysteine-rich region; and TM,
transmembrane domain.
Within the cysteine-rich region, a serine (residue 860 in to certain subpopulations. Since hNotch1 is expressed
in theCD341 population of human bone marrow hemato-rJagged1) is replaced with a cysteine (residue 859 in
hJagged1). Two additional amino acid substitutions in- poietic cells (Milner et al., 1994), we hypothesized that
bone marrow stromal cells might express the putativevolving proline are present in the intracellular domain:
proline (residue 1108 in rJagged1) to serine (residue Notch1 ligand hJagged1. To test this idea, RNA isolated
from primary human bone marrow stromal cells was1107 in hJagged1) and valine (residue 1188 in rJagged1)
to proline (residue 1187 in hJagged1). evaluated by Northern blot. A 5.5 kb transcript was de-
tected, indicating that hJagged1 is expressed in bone
marrow stromal cells (Figure 2B). We then asked whetherhJagged1 Is Expressed in a Variety of Adult Human
Tissues but is Expressed Only in a Subset hJagged1 is differentially expressed in distinct subpop-
ulations of marrow stromal cells. Several cell lines thatof Human Bone Marrow Stromal Cells
To evaluate the tissue expression pattern of hJagged1, are thought to represent functionally distinct bone mar-
row stromal cells have been immortalized and charac-Northern blot analysis was performed onmultiple human
tissues using the partial hJagged1 clone, Sdi-06, as a terized previously (Roecklein and Torok-Storb, 1995).
Some of these human stromal cell lines, including HS-5,probe. As shown in Figure 2A, a single 5.5 kb mRNA
transcript was detected in all of the tissues tested. High HS-23, and HS-27a, were evaluated by Northern blot.
As shown in Figure 2C, hJagged1 was found to be ex-levels of hJagged1 expression were noted in thyroid
and trachea, while relatively lower levels of expression pressed at significant levels in HS-27a cells but was
undetectable in HS-5 and HS-23 cells.were observed in lymph node and bone marrow.
Bone marrow is a very heterogeneous tissue, con- We also tested whether the Jagged1 protein is pro-
duced in HS-27a cells, using Western blot analysis withsisting of a variety of stromal and hematopoietic cell
populations. The expression of hJagged1 in whole bone an anti-hJagged1 monoclonal antibody, J89. J89 was
raised in mice against a peptide, J-C, corresponding tomarrow raises the question of whether it is expressed
in all marrow cells, or whether its expression is restricted an intracellular region of the hJagged1 polypeptide (see
Immunity
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Figure 2. hJagged1 Is Widely Expressed in Human Adult Tissues but Has Restricted Expression in Human Bone Marrow Stromal Cells
(A) Northern blot analysis of hJagged1 expression in multiple human adult tissues. The hJagged1 cDNA clone Sdi-06 and control b-actin
cDNA were used sequentially as probes for hybridization of a multiple adult human tissue Northern blot.
(B and C) Northern blot analysis of hJagged1 on RNA obtained from human bone marrow stromal cells. Both Sdi-06 and b-actin were again
used as probes for hybridization of RNA from human bone marrow primary stromal cells (B) and stromal cell lines (C).
Experimental Procedures). When bacteria containing the occurring hJagged1 proteins may be due to posttransla-
tional modification in mammalian cells. The significancepET-hJagged1 plasmid were induced with isopropyl-
b-D-thiogalactopyranoside (IPTG), a recombinant hJag- of the weak band of approximately 200 kDa detected
with J89 in both HS-27a and HS-5 is not clear.ged1 protein of 150 kDa was detected by Western blot
analysis. This indicates the specificity of J89 for the
hJagged1 protein (Figure 3A). Figure 3B shows that a
native hJagged1 protein of approximately 180 kDa was The Human Stromal Cell Line HS-27a
Inhibits Differentiation of Myeloidalso detected by J89 in HS-27a but not in HS-5 cells. The
size difference between the recombinant and naturally Progenitors Expressing Notch1
The interleukin-3 (IL-3)±dependent cell line 32D, derived
from normal mouse bone marrow, is heterogeneous,
with individual cells having characteristics of myeloid
cells at various early stages of maturation. 32D cells
prolifererate as undifferentiated blasts in the presence
of IL-3 but differentiate into mature granulocytes when
stimulated with G-CSF (Valtieri et al., 1987), thereby pro-
viding objective morphologic criteria for assessing my-
eloid differentiation.
It has been demonstrated previously that expression
of an activated form of Notch1 in 32D cells inhibits
G-CSF±induced granulocytic differentiation, while per-
mitting expansion of undifferentiated progenitors (Mil-
ner et al., 1996). To determine whether activation of full-
length Notch1 by the putative Notch ligand, hJagged1,
could also inhibit differentiation of these cells, we trans-
Figure 3. Western Blot Analysis of the hJagged1 Protein
duced 32D cells with full-length mNotch1 cDNA (FLN-
(A) Anti-hJagged1 monoclonal antibody J89 specifically recognizes 32D) and evaluated differentiative capacity under a
an hJagged1 protein (z150 kDa) expressed in bacteria after induc-
variety of culture conditions. As shown in Figure 4A,tion by IPTG.
FLN-32D clones differentiate in response to G-CSF, sim-(B) The hJagged1 protein (z180 kDa) was detected in HS-27a cells
but not HS-5 cells using Western blot analysis with antibody J89. ilar to wild-type 32D cells and clones expressing control
Human Homolog of Rat Jagged1
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Figure 4. Inhibition of Granulocytic Differentiation by the hJagged1-Expressing Stromal Cell Line HS-27a
(A) Granulocytic differentiation of 32D myeloid progenitors in response to G-CSF. The parental 32D cell line (WT) and 32D cells transduced
with the LXSN retrovirus or the retrovirus containing a full-length mNotch1 cDNA (FLNotch1) were evaluated for granulocytic differentiation
in response to G-CSF. This figure shows results obtained concurrently with those depicted in Figure 6 and represents one of three experiments,
all having comparable results. Plots for the LXSN control clones and the full-length Notch1 clones each represent the averages of three
clones; error bars indicate SEM. The data for 32D cells expressing the activated Notch1 construct N1-ICDOP were obtained separately and
are shown for comparison purposes only. This plot represents the averages and SEM of six independent clones. 32D cells expressing activated
Notch1 have previously been shown to remain undifferentiated in the presence of G-CSF (Milner et al., 1996). The relative percentages of
cells remaining undifferentiated (open symbols) or showing morphologic characteristics of mature granulocytes (filled symbols) are shown;
cells showing some characteristics of differentiation but that were less mature than band cells were excluded from this analysis.
(B) Granulocytic differentiation of 32D cells in the presence of G-CSF when cultured on the human stromal cell lines HS-27a, HS-23, or HS-5.
The same LXSN and FLN-32D clones as in (A) were plated on semiconfluent monolayers of the HS lines indicated in media containing G-CSF.
Cells were evaluated daily for differentiation. The results depicted represent data from three separate experiments, each including three LXSN
and three full-length Notch1 clones as well as the parental 32D line (not shown). Each plot therefore represents the average and SEM of nine
values. The center panels show representative Wright-stained cells after 4 days in culture; the same two clones, LXSN-10 and FLN 2.4, are
depicted in each set of panels.
retroviral constructs (LXSN-32D). This is in distinct con- also differentiate in response to G-CSF when cultured
on the HS-23 or HS-5 lines but are significantly inhibitedtrast to the 32D clones expressing theactivated intracel-
lular domain of Notch1, which remain primarily undiffer- from granulocytic differentiation in the presence of HS-
27a cells (Figure 4B, right). Figure 4B, middle, showsentiated under these conditions (Figure 4A and Milner
et al., 1996). representative Wright-stained cytospins of cells after
4 days in culture. It is also notable that the greatestAs described above, the human stromal cell line HS-
27a expresses hJagged1. We hypothesized that activa- difference in differentiation between LXSN-32D cells
and FLN-32D cells occurs in the HS-27a cultures. Thesetion of full-length Notch1 by hJagged1 would inhibit
differentiation of 32D cells and therefore asked whether findings suggest that a specific interaction between HS-
27a cells and Notch1 on 32D cells results in inhibitioncoculture of FLN-32D with HS-27a cells would have any
effect ondifferentiation. Figure 4B shows the differentia- of differentiation, thus further supporting the hypothesis
that hJagged1 on the HS-27a cells is capable of activat-tion patterns of FLN-32D cells and LXSN-32D cells when
cultured in the presence of G-CSF on monolayers of the ing Notch1 in these cells.
By determining both the total number of viable cellsstromal lines HS-27a, HS-23, or HS-5. LXSN-32D cells
differentiate into mature granulocytes when cultured on and the relative percentages of undifferentiated and ma-
ture cells remaining in the cultures on consecutive days,any of these cell lines (Figure 4B, left); FLN-32D cells
Immunity
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Table 1. Effects of Marrow Stromal Cell Lines on the Maintenance of Undifferentiated 32D Myeloid Cells Stimulated with G-CSF
Percentage of Original Cells Plated Remaining Undifferentiated:
Stromal Cell Lines
Replating Efficiency:
32D Clones HS-27a HS-23 HS-5 HS-27a
LXSN-32D 5 6 4.7 4 6 3 2 6 1.2 8.8% 6 3.6% (range 0.8%±25%)
FLN-32D 90 6 28a 15 6 2.6a 19 6 29a .250% 6 50% (range 100%±.400%)b
All values represent averages 6 SEM from three independent LXSN and FLN clones.
Replating efficiency was determined in triplicate at each of two plating densities, 2.5 3 104 and 5 3 104, for each of three LXSN and three
FLN clones.
a Significant difference between FLN clones and control LXSN clones, P , 0.05.
b Significant difference between FLN clones and control LXSN clones, P , 0.001.
we were also able to evaluate the maintenance of undif- for effects on the differentiation and proliferation of
LXSN-32D and FLN-32D cells. The hJg1EX protein withferentiated progenitors under thedifferent culture condi-
tions. As shown in Table 1, cultures of FLN-32D cells a His6 epitope tag was detected by Western blot in con-
ditioned medium from COS-hJg1EX but not COS-C cellsmaintained close to the original number of undifferenti-
ated progenitors after 5 days in G-CSF when cultured on (Figure 5A). As shown in Figure 5B, addition of 25%
COS-hJg1EX conditioned medium to cultures of FLN-the HS-27a stromal cells. This is in contrast to cultures of
control LXSN-32D cells, which have significantly fewer 32D cells resulted in a marked reduction in differentia-
tion: 80% of the cells after 5 days and 40% after 7 daysviable cells remaining, almost all of which are differenti-
ated, leaving fewer than 5% of the original cells plated of stimulation with G-CSF remained undifferentiated,
and fewer than 10% (5 days) to 20% (7 days) had at-as undifferentiated cells. Cultures of FLN-32D cells also
had slightly greater numbers of undifferentiated cells tained a mature granulocytic morphology. In contrast,
cultures of LXSN-32D cells under the same conditionsremaining after 5 days when cultured on HS-23 or HS-5
stromal cells compared to cultures of the LXSN-32D had 30%±60% mature cells at days 5 and 7 respectively.
Cultures of FLN-32D cells containing G-CSF plus 25%cells. However, cultures of FLN-32D cells grown on HS-
27a contained significantly greater numbers of undiffer- COS-C conditioned medium or G-CSF alone also showed
normal granulocytic differentiation, with 50%±80% ma-entiated cells than those grown on either HS-23 or HS-5.
To verify that cells appearing undifferentiated by mor- ture granulocytes at days 5 and 7 respectively. LXSN-
32D cells showed comparable differentiation under thesephology were both viable and capable of continued pro-
liferation as undifferentiated cells, we replated cells in latter two conditions (data not shown).
We also evaluated the effects of the secreted hJgEXmedia containing IL-3 after 6 days in culture with G-CSF
and HS-27a cells. The cloning efficiency was evaluated protein on overall proliferation and maintenance of im-
mature myeloid cells under conditionsof G-CSF stimula-by serial dilutions in 96-well plates (see Experimental
Procedures). In these studies we found that survival and tion. Figure 5C illustrates the relative number of viable
cells remaining over time in cultures of FLN-32D andproliferative potential were greater for both FLN-32D
and LXSN-32D cells when cells were plated at lower LXSN-32D cells containing G-CSF alone or G-CSF plus
25% COS-hJgEX or COS-C conditioned medium. Cul-densities. However, FLN-32D cells had significantly in-
creased cloning capacity compared to control cells at tures of full-length Notch1-expressing cells containing
COS-hJg1EX conditioned medium maintained a signifi-every cell density tested. Table 1 shows that the replat-
ing efficiency of FLN-32D cells was greater than 250%, cantly greater number of total cells and undifferentiated
cells after 3±7 days than any of the other cultures. Whilecompared to 10% for LXSN-32D cells at plating densi-
ties of 2.5±5 3 104 cells/ml. These results indicate that the peak expansion of cells (day 2) was comparable for
FLN-32D cells under all conditions, the cultures con-culturing FLN-32D cells in the presence of HS-27a per-
mits survival and retention of proliferative potential even taining hJgEX maintained the peak numbers of cells
through days 5±7, whereas among the FLN-32D cellsin the presence of G-CSF, to which these cells otherwise
respond by terminal differentiation. cultured with G-CSF or COS-C conditioned medium,
cell numbers rapidly declined between days 2±5 and
essentially no viable cells remained after 5 days. ThisA Truncated Extracellular hJagged1 Protein
and a DSL Peptide Inhibit Differentiation decline in cell numbercorrelated with terminal differenti-
ation, which was most pronounced between 2±5 daysof Notch1-Expressing Myeloid Progenitors
To determine whether the inhibitory effects of the HS- of G-CSF stimulation (Figure 5B). The addition of hJg1EX
conditioned medium to cultures of LXSN-32D cells re-27a stromal cells on 32D myeloid differentiation could
be attributed to an interaction between hJagged1 and sulted in a slight delay in differentiation (Figure 4B) and
a decreased maximum, but extended the period of peakNotch1, we evaluated two other forms of hJagged1 for
functional effects. For the studies shown in Figure 5, a expansion (Figure 5C)Ðeffects that could be attributed
to low-level endogenous Notch expression in thesetruncated, extracellular hJagged1 protein (hJg1EX) was
expressed in COS cells, and conditioned media from cells. The effects of hJg1EX conditioned medium on
FLN-32D cells were considerably greater; in contrast tothese hJg1EX-transfected cells (COS-hJg1EX) and vec-
tor-only±transfected COS cells (COS-C) were evaluated the virtual absence of viable cells by days 5±7, these
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Figure 5. Inhibition of Differentiation and Maintenance of Undifferentiated 32D Cells by a Secreted hJagged1 Protein
(A) Western blot analysis of conditioned medium from vector-only transfected COS cells and COS cells transfected with the extracellular
domain of hJagged1 (COS-hJg1EX). A cDNA corresponding to the extracellular domain of hJagged1 and containing a His6 epitope tag was
expressed in COS cells. Culture supernatants from both COS-hJg1EX and control-transfected COS cells were nickel purified and evaluated
by Western blot for expression of the His-tagged protein using an a-His antibody.
(B) COS-hJg1EX conditioned medium inhibits granulocytic differentiation of FLN-32D cells. Representative FLN-32D (FLN 2.8) and control
(LXSN 10) 32D clones were evaluated for differentiation in the presence of media containing G-CSF plus 25% COS-hJg1 (CJ) conditioned
medium, G-CSF plus25% COS-control (CC) conditioned medium, or G-CSF (G) alone. Cultures of full-length Notch1-expressing cells containing
COS-hJg1 conditioned medium (FLN-CJ: [A], right) had an increased proportion of undifferentiated cells (open symbols) and decreased
proportion of mature granulocytes (filled symbols) compared to all other cultures (FLN-CC, FLN-G, LX-CJ: [A], left; LX-CC, LX-G: not shown).
(C) Proliferation and maintenance of undifferentiated FLN-32D cells in the presence of COS-hJg1EX conditioned medium. The total number
of cells (left) and number of undifferentiated cells (right) remaining in the cultures described in (B) over time are depicted as the percentage
of the original number of cells plated.
cultures contained 500%±650% of the original number in the presence of peptide J-A (Figure 6, bottom right),
similar to the inhibition observed with culture of theseof cells. In addition, a high proportion of the cells re-
mained undifferentiated. These findings are comparable cells on the HS-27a monolayer (Figure 5B).
to the effects of HS-27a stromal cells on FLN-32D cell
differentiation and provide additional evidence that a Discussion
specific interaction between hJagged1 and Notch1 is
responsible for these effects. In this report, we describe the isolation of a cDNA clone
encoding a human ligand for Notch. This Notch ligandFinally, we evaluated the functional effects of three
peptides corresponding to different regions of the shares several conserved features with other DSL pro-
teins, but is most closely related to rJagged1. Expres-hJagged1 molecule on differentiation of FLN-32D cells.
Peptide J-A (aa 188±204) corresponds to a hydrophilic sion of hJagged1 was detected in a variety of adult
human tissues including lymph node and bone marrow;portion of the conserved DSL domain, a domain unique
to putative Notch ligands. Peptides J-B (aa 235±257) however, expression within the bone marrow stroma
appeared to be restricted to a subpopulation of cellsand J-C (aa 1096±1114) correspond to part of EGF-
repeat 1 in the extracellular domain and a hydrophilic approximated by the human stromal cell line HS-27a.
Coculturing FLN-32D cells with HS-27a cells inhibitsportion of the intracellular domain, respectively. Figure
6 shows the differentiation of LXSN-32D and FLN-32D G-CSF±induced granulocytic differentiation of the 32D
cells, a finding consistent with Notch activation in thiscells in response to G-CSF in the presence of peptides
J-A,J-B, or J-C. G-CSF±induceddifferentiation of LXSN- system. In addition, both a secreted extracellular form
of hJagged1 and peptide corresponding to part of the32D cells was unchanged by the addition of any of the
peptides (Figure 6, left; compare to G-CSF alone, Figure DSL domain of hJagged1 were capable of inhibiting
G-CSF±induced granulocytic differentiation of FLN-32D5A). Differentiation of the FLN-32D cells in the presence
of G-CSF and either peptide J-B or J-C (Figure 6, top cells. These observations, together with the normal ex-
pression of Notch1 by hematopoietic progenitors, sug-right) was comparable to that in G-CSF alone (Figure
5A). However, differentiation was significantly inhibited gest that hJagged1 expressed on marrow stroma may
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Figure 6. Inhibition of Granulocytic Differentiation by a Peptide Corresponding to Part of the hJagged1 DSL Domain
FLN-32D and control LXSN-32 clones were evaluated for differentiation in the presence of G-CSF and peptides corresponding to different
regions of the hJagged1 molecule. Peptides J-A, J-B, and J-C correspond to a portion of the extracellular DSL domain, EGF-repeat 1, or the
intracellular domain, respectively. Four experiments, using variable concentrations of peptide, all demonstrated an inhibitory effect of peptide
J-A on the differentiation of FLN-32D clones. Shown is the experiment using the highest concentration of peptide (10 mM), which had the
greatest inhibitory effect. Each plot represents the average and SEM of three independent clones. The same LXSN-32D and FLN-32D clones
were used in all experiments shown in this figure and Figure 4. (Middle) Representative Wright-stained cells (clones LXSN-10 and FLN 2.4)
after 6 days in culture with G-CSF and either peptide J-A or J-B.
function as a natural ligand for Notch1 on hematopoietic to the DSL domain of hJagged1 to those of rJagged1
(Lindsell et al., 1995), chick Serrate (Myat et al., 1996),cells.
mouse Delta-like (Bettenhausen), and chick Delta (Hen-
rique et al., 1995) reveals that the amino acid identi-The hJagged1 cDNA Sequence Predicts a Protein
Product that Is Highly Homologous to rJagged1 ties are 96%, 81%, 60%, and 60%, respectively. Thus,
hJagged1 appears to be the human homolog of rJagged1.and Shares Conserved Structural Features
with Other Notch Ligands, Including The greater degree of DSL domain similarity of hJagged1
with C-Serrate than with C-Delta, as well as the sharingSerrate and Delta
The recombinant hJagged1 expressed in bacteria ran as of cysteine-rich regions between Jagged and Serrate,
indicates that hJagged1 is more closely related to Ser-a protein of approximately 150 kDa on sodium dodecyl
sulfate±polyacrylamide gel electrophoresis (SDS-PAGE). rate than to Delta. In addition, the amino acid identity
between the DSL domains of hJagged1 and rJagged2However, the naturally occurring hJagged1 expressed
in HS-27a cells is approximately 180 kDa. The hJagged1 (Shawber et al., 1996) is only 73%, less than the 81%
identity with Serrate. While the nomenclature for theprotein shares several structural features with other
known Notch ligands, including the DSL domain that is different Notch ligands is somewhat confusing, it is clear
that multiple mammalian Notch ligands as well as multi-unique to this family of molecules. The DSL domain is
thought to be crucial for the specific ligand-receptor ple Notch molecules exist.
interaction between DSL ligands and Notch receptors
(Henderson et al., 1994). The conserved EGF-repeat do-
main is also thought to be involved in binding to Notch Expression of hJagged1 in a Subset of Human
Bone Marrow Stromal Cells Suggests a Rolereceptors (Lieber et al., 1992). Like rJagged1, hJagged1
contains 16 EGF-like repeats within its extracellular do- for Jagged±Notch Interactions in the
Regulation of Hematopoiesismain; Drosophila Serrate and Delta contain 14 and 9
EGF repeats, respectively. A cysteine-rich region be- The finding that hJagged1 is expressed in a wide variety
of human tissues is not surprising, given the highly con-tween the EGF repeats and the transmembrane domain,
which is present only in Serrate and rJagged1, is also served role of Notch as a general mediator of cell fate
decisions in numerous systems (Artavanis-Tsakonas etconserved in hJagged1; however, the function of this
region remains unknown. The function of the short intra- al., 1995). The expression of hJagged1 in spinal cord is
of particular note since rJagged1 was also found to becellular domain is also undefined, but it is required for
normal ligand function in Xenopus (Chitnis et al., 1995), coexpressed with Notch1 in the rat spinal cord (Lindsell
et al., 1995), suggesting that Jagged1 and Notch1 func-and some studies suggest that it may be required for
dimerization (Henderson et al., 1994). tion in ligand±receptor interactions in this tissue. In addi-
tion, Notch is known to play an extensive role in theAlignment of the amino acid sequence corresponding
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development of the Drosophila nervous system, mediat- expression of full-length Notch1 in32D myeloid progeni-
tors has little effect on the capacity of these cells toing cell fate decisions in both the central and peripheral
nervous systems. The particularlyhigh level of hJagged1 differentiate in response to G-CSF except in the pres-
ence of the Notch ligand, hJagged1. This is in contrastexpression in the trachea is also of interest in this regard
since expression of Delta in the Drosophila trachea is to 32D cells expressing a constitutively activated form
of Notch1, which show a marked decrease in G-CSF±thought to be involved in axon guidance and nervous
system pattern formation in this system (Giniger et al., induced differentiation in the absence of ligand (Milner
et al., 1996). However, the functional effects observed1993).
Given the numerous cell fate decisions that are made with the addition of hJagged1 to G-CSF±stimulated cul-
tures of FLN-32D cells, including inhibition of differentia-during hematopoiesis, we were particularly interested
in the potential role of Notch signaling in this system. tion and maintenance of undifferentiated cells, are con-
sistent with those of activated Notch1 expression. TheTherefore, to identify Notch ligands that might be in-
volved in activation of Notch in hematopoietic cells, lack of significant effects on the differentiation of control
LXSN-32D cells and the demonstration that three dis-human bone marrow cDNA was used for the initial
screening and subsequent isolation of hJagged1. The tinct forms of hJagged1Ðendogenous hJagged1 ex-
pressed on the HS-27a stromal cell line, the extracellularexpression of hJagged1 in normal human bone marrow,
together with the previous demonstration that hNotch1 domain of hJagged1 protein expressed by transfected
COS cells, and a DSL hJagged1 peptideÐall produce(TAN-1) is expressed in immature hematopoietic pro-
genitors in the bone marrow (Milner et al., 1994), sug- similar effects on FLN-32D cells providefurther evidence
that activation of Notch1 by hJagged1 is responsiblegests that hJagged1 may be a natural ligand for Notch1
in this tissue. for these effects. However, we cannot formally exclude
the possibility that the functional effects occur throughIt is of particular interest that hJagged1 expression in
human marrow stromal cells appears to be restricted to an indirect mechanism rather than direct activation of
Notch by binding to hJagged1.particular subpopulations. HS-5, HS-23, and HS-27a are
cloned stromal cell lines isolated and immortalized from Our results with a truncated extracellular hJagged1
protein and a DSL peptide indicate that these solublea single primary long-term marrow culture. The three
cell lines can be distinguished by both morphology and forms of hJagged1 are capable of activating Notch in
FLN-32D cells. This is in contrast to the effects of trun-function and are hypothesized to represent different
components of the marrow microenvironment. HS-5 is cated forms of Delta and Serrate in the Drosophila eye
(Sun and Artavanis-Tsakonas, 1996) and X-Delta in Xe-fibroblastic and secretes growth factors sufficient for
supporting the proliferation and differentiation of hema- nopus (Chitnis et al., 1995), which have been shown to
have dominant negative effects. However, new worktopoietic progenitor cells in serum-free media. HS-23
displays a reticular ªblanket cellº morphology and does has shown that the intracellular region of LAG-2 is not
required for its activity in C. elegans (Henderson et al.,not secrete significant levels of known cytokines, but
does undergo lipogenesis in response to corticoste- 1997). Furthermore, the ability of small peptides to mimic
proteins in terms of receptor activation has recentlyroids. In contrast, HS-27a has a spindle-shaped mor-
phology, does not support the differentiation of progeni- been demonstrated for both erythropoietin and throm-
bopoietin (Livnah et al., 1996; Cwirla et al., 1997; Wrightontor cells, but does support the maintenance of immature
progenitors for 5±8 weeks (Roecklein and Torok-Storb, et al., 1997). In addition, in C. elegans, truncated forms
of LAG-2 and APX-1 as well as DSL peptides activate1995). The observation that hJagged1 is expressed by
HS-27a cells but not by either HS-5 or HS-23 cells raises rather than antagonize Notch (Fitzgerald and Greenwald,
1995), findings consistent with our observations. Differ-the intriguing possibility that cell±cell signaling through
the Jagged±Notch pathway may contribute to the main- ences in the functional effects of extracellular Notch
ligand in our system compared to those in Drosophilatenance of progenitors, an activity compatible with the
known function of Notch in other systems. This con- and Xenopus could be due to inherent functional differ-
ences among different Notch ligands (Delta/Serrate vs.tention is supported by a very recent report that a mouse
fetal liver stromal cell line (AFT024) that, like HS-27a, Jagged), differences in Notch±Notch ligand binding
promotes cobblestone area formation, was shown to specificity in different systems, or differences in pro-
express a transmembrane protein related to the Notch/ cessing and protein conformation of ligands produced
Delta/Serrate family. This molecule, delta-like (dlk), also by different cell types. Although the question is intri-
had restricted expression among various stromal cell guing, the physiologic relevance of soluble hJagged1
lines and was capable of supporting cobblestone forma- ligand function is unclear since it remains unknown
tion by purified hematopoietic progenitors (Moore et al., whether secreted forms of hJagged1 are produced in
1997). vivo.
Three Distinct Forms of hJagged1 Provide Evidence Experimental Procedures
that hJagged1 Functions as a Ligand
Oligonucleotides, Peptides, and Probesfor Notch1 in Hematopoietic Cells
Degenerate oligonucleotide PCR primers P4±4 and P4±8 were syn-The results presented here, while not conclusive, pro-
thesized based on the peptide sequences DDFFGHY (aa 205±211)
vide strong evidence that hJagged1 is a natural ligand and PCHYGGTCRDLVND (aa 676±689), respectively. The primer
for Notch1 and further suggest that signaling through sequences are P4±4: 59-GAYGAYTTYTTYGGNCAYTA and P4±8:
this pathway may function in hematopoietic cells to in- 59-RCANGTNCCNCCRTARTGRCANGG, where R, Y, and N repre-
sent G/C, T/A, and G/C/T/A, respectively. Sdi-06 is a 327bp fragmentfluence differentiation and proliferation. We find that
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amplified by PCR with primers P4±4 and P4±8; the PCR conditions Expression of the Full-Length and the Extracellular
Portion of the hJagged1 Protein in Bacteriawere 928C, 30 s; 508C, 30 s; and 728C, 1 min, for 35 cycles. All of
the probes were 32P-labeled with PrimIt-II according to the instruc- and COS Cells, Respectively
The hJagged1 cDNA sequence spanning theentire coding sequencetions of the manufacturer (Stratagene). Peptides J-A (aa 188±204,
CDDYYYGFGCNKFCRPR), J-B (aa 235±257, CRQGCSPKHGSCKLPG was subcloned into pET-24b(1) vector (Novagen) at the BamHI±
XhoI recognition sites, generating a plasmid, pET-hJg1. BacterialDCRCQYG), and J-C (aa 1096±1114, KRRKPGSHTHSASEDNTTN)
were synthesized by the University of Washington Biopolymer Fa- BL21(DE3) cells transformed with pET-hJg1 were grown in 50 ml
Luria broth medium with or without IPTG induction. Cells were col-cility.
lected and resuspended in 5 ml of 50 mM Tris-HCl (pH 8.0) and 0.2
mM EDTA. Lysozyme (10 mg/ml) and Triton X-100 (1%) were added
sequentially to final concentrations of 100 mg/ml and 1:10 volumeIsolation, Sequencing, and Analysis of cDNA Clones
Poly(A)1 RNA isolated from human bone marrow (Clontech) was respectively and the solution was incubated at 308C for 15 min. The
mixture was sonicated with two 10 s pulses at a high-output settingreverse transcribed with random primers and the first-strand cDNA
then amplified by PCR using the specific degenerate primers P4±4 on ice and centrifuged at 12,000 3 g for 15 min at 48C. Proteins in the
supernatant and insoluble fractions were analyzed by SDS-PAGEand P4±8. The reverse transcription was performed with the Super-
Script Preamplification system following the manufacturer's instruc- (Novagen's protocol). hJagged1 expression was detected upon
IPTG induction in the insoluble fraction by Coomassie blue stainingtions (18089±011, Life Technology). PCR was carried out using Taq
polymerase (Perkin Elmer) in the following conditions: 928C, 30 s; of the gel.
A cDNA fragment encoding the extracellular region (aa 1±1012)508C, 30 s; and 728C, 1 min, for 35 cycles. Ten candidate PCR
products were obtained and cloned into the TA-cloning vector, of the hJagged1 protein was amplified by PCR with primer pair 420/
421 (420: 59-CCGCTCGAGACCATGCGTTCCCCACGGA; 421: 59-pCR2.1 (Invitrogen). DNA sequencing was done by the dye-primer
method with both M13 reverse and 221M13 primers on ABI 377 or CGGAATTCTCAGTGGTGGTGGTGGTGGTGTTCATTGTTCGCTGA
AGG). The 39-end primer contains six repeats of CAC that encode a373 (ABI).
A human bone marrow cDNA library (lgt11, HL5005b; Clontech) His6 tag. The PCR amplimer obtained was cloned into the pcDNA3.1
vector (Invitrogen), generating a pCMV-hJg1EX plasmid and thewas plated out at 5 3 104 pfu on Luria broth/Mg21 agar according
to the manufacturer's instructions. Following incubation for 8±12 hr, inserted sequence confirmed by automated fluorescence sequenc-
ing (ABI). Transient transfections were carried out using lipofectinplaques were transferred to nylon filters (Schleicher & Schuell) and
subjected to denaturation, neutralization, and ultraviolet cross-link- following the manufacture's instructions (Gibco 18292±011). In brief,
2 mg of either pCMV-hJg1EXor pcDNA3.1 DNAand 20 ml of lipofectining. Prehybridization and hybridization solutions were performed as
previously described (Church and Kieffer-Higgins, 1988). Prehybrid- were each diluted into 100 ml of OPTI-MEM and allowed to set at
room temperature for 30 min and then gently mixed and incubatedization and hybridizations were carried out at608C. Following hybrid-
ization, filters were washed twice with 23 saline±sodium citrate at room temperature for 15 min. COS cells that had been maintained
in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal(SSC)/1% SDS for 10 min at room temperature and then twice with
0.23 SSC/1% SDS for 20 min at 608C. DNA was isolated from posi- bovineserum (FBS) in 35 mm plates at50% confluence were washed
once with OPTI-MEM and resuspended in 0.8 ml of OPTI-MEM. Thetive clones that had been confirmed by a second hybridization under
the same conditions. The cDNA inserts were cloned into the EcoRI DNA±lipofectin mixtures were added evenly to the cells. Cells were
incubated at 378C for 18 hr; the transfection mixture was then re-site of the pBluescript SK2 vector (Stratagene). The cDNA clones
D-01 and Y-A01 contain the 59 (2.2 kb) and 39 (4.5 kb) cDNA frag- placed with normal growth medium (DMEM plus 10% FBS); and
incubation was continued at 378C for 48 hr. The cells were split intoments of hJagged1, respectively. pBS-hJg1, which contains the full-
length hJagged1 cDNA, was generated by replacing the 300 bp 59 150 mm tissue culture plates with selection medium containing 500
mg/ml G418. After 2±3 weeks, when multiple G418-resistant coloniesEcoRI±BglII fragment in Y-A01 with the 1.3 kb 59 EcoRI±BglII cDNA
were present, the cells were split 1:2 and grown to 80%±90% conflu-fragment in D01. The resulting 5.5 kb cDNA clone hJagged1 was
ency. Medium was then replaced with Iscove's modified Eagle'ssequenced using a random ªshotgunº sequencing. A shotgun library
medium (GIBCO) with 10% FBS, and supernatant harvested afterwas constructed by sonicating plasmid DNA, size-selecting 1.5±2 kb
2±3 days of incubation.fragments on an agarose gel, and blunting the ends of the fragments
using mung bean nuclease. The fragments were cloned into SmaI-
digested M13-mp18 vector (Novagen) (Rowen and Koop, 1994; Anti-hJagged1 Monoclonal Antibody
Smith et al., 1996). Single-strand DNA was prepared from individual Peptide J-C was conjugated with keyhole limpet hemocyanin (KLH)
plaques. Approximately 80 single-strand DNA templates were se- carrier protein at the cysteine residue of the amino terminus follow-
quenced by thermal-cycle sequencing using fluorescently labeled ing the instructions of the manufacturer (Pierce, Imject activated
221M13 primer following the manufacturer's instructions (ABI). Se- Maleimide KLH 77107). The KLH-conjugated J-C was used to raise
quencing data were assembled into a single 5.5 kb contig with monoclonal antibodies in mice. BALB/c mice were immunized with
approximately 6-fold redundancy using the base-calling and se- intraperitoneal injections of 100 mg of the KLH-conjugated J-C in
quence assembly programs Phred and Phrap (P. Green, unpub- Freund's incomplete adjuvant. The same dose was repeated at 2
lished data, http://www.genome.washington.edu). weeks, with an intravenous boost of 50 mg of J-C peptide for 3
consecutive days before sacrifice. Splenocytes were fused with the
SP2/0-Ag14cell line as previously described(Marcovina et al., 1990).
Following standardculture in selective medium, proliferating hybrid-Northern Blot Analysis
omas from wells containing immunoglobulin specific for peptideFor the multiple human tissue Northern blot (Figure 2A), a blot ob-
were cloned by limiting dilution. The immunoglobulin class and sub-tained from ClonTech was probed with 32P-labeled Sdi-06. For the
class were determined by immunoblotting (isolysing kit, Amersham,Northern blot of human stromal cells (Figures 2B and 2C), 10 mg of
Arlington Heights, IL). Ascites was producedby intraperitoneal injec-total RNA isolated from primary marrow stromal cells and each HS
tion of hybridoma cells into pristane primed BALB/c mice. Mono-line (mRNA isolation kit 200347, Stratagene) was fractionated on
clonal antibody was then purified from the ascites.a formamide denaturing agarose gel and transferred onto Nytran
membrane (Schleicher and Schuell). Quikhyb hybridization solution
(Stratagene) was used for both prehybridizationsand hybridizations, Western Blot Analyses
which were performed at 658C. 32P-labeled probes (denatured by To detect hJagged1 protein expressed in bacteria, 30 ml of cell
boiling), together with salmon sperm DNA (100 mg/15 ml), were lysate from the pET-hJg1±transformed BL21(DE3) cells was mixed
directly added to the prehybridization solution for hybridization. with 23 SDS sample buffer and boiled for 10 min. The denatured
Membranes were washed twice in 23 SSC/0.1% SDS at room tem- extract was electrophoresed through a 5% SDS-PAGE and trans-
perature for 10 min and then once in 0.13 SSC/0.1% SDS at 608C ferred onto a nitrocellulose membrane. The membrane was blocked
for 20 min. b-Actin cDNA (ClonTech) was used as a control probe with 5% nonfat milk in 13 phosphate-buffered saline (PBS) buffer
for 1 hr, and then incubated in 5% milk/13 PBS with a 1:500 dilutionfor Northern blots.
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of J89 antibody (2 mg/ml) for 1 hr at room temperature. Membranes on 100±200 cells on several occasions and in blinded fashion by
the same individual (L. A. M.) to ensure consistency; the countswere rinsed two times with 13 PBS, washed two times with 0.2%
Tween 20 in 13 PBS for 5 min, and then washed once with 13 were confirmed by independent observers in a blinded fashion.
For coculture experiments with 32D cells, HS lines were culturedPBS for 15 min. Membranes were then incubated with horseradish
peroxidase (HRP)±conjugated anti-mouse immunoglobulin (Amer- in six-well plates to approximately 75% confluency, washed, and
plated with 32D cells as described above with the exception thatsham) for 1 hr at room temperature. Blots were rinsed as desribed
above and visualized with an ECL enhanced chemiluminescence kit 32D cells were plated at 23 density (4 3 105 cells/ml in 2 ml) on the
HS cell layer and incubated for 1±2 hr prior to the addition of media(Amersham).
For Western analysis of stromal cell lines, HS-5 and HS-27a were containing G-CSF. For differentiation of 32D cells in the presence
of COS conditioned media or hJagged1 peptides, 32D cells weregrown in T-75 culture flasks to confluency. Cells were rapidly rinsed
with Hank's balanced salt solution, removed by cell scraper, and incubated in media containing conditioned media or peptides for 1
hr prior to the addition of G-CSF. Conditioned media was added atcollected by centrifugation. Cell extracts were prepared from pel-
leted cells by lysing in approximately 10 volumes of Laemmli's sam- a final concentration of 25%. The final peptide concentration for the
experiment depicted in Figure 5 was 10 mM. Aliquots were removedple buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 5% b-mercaptoetha-
nol, 25% glycerol, and 0.1% bromophenol blue), sonication, heat and replaced with fresh media daily. Fresh peptide was added to
the original concentration on day 4 of culture.denaturation at 988C for 5 min, and centrifugation for 5 min to remove
insoluble material. Protein concentrations of cell extracts were mea- For assessment of cloning efficiency (Table 1), the 32D cells were
cultured at various cell densities (2 3 105, 1 3 105, 5 3 104, or 2.5 3sured after trichloroacetic acid precipitation using the BCA method
(Pierce) according to the manufacturer's instructions. Extracts (66 104/ml) in six-well plates as described above. After 6 days in cultures
with media containing 20 ng/ml G-CSF and 0.5% Wehi conditionedmg of protein) were subjected to SDS-PAGE using 4%±12% linear
gradient gels (Novex), followed by electrotransfer to nitrocellulose medium on HS-27a stromal layers, 32D cells were harvested and
plated in media containing 10% Wehi conditioned medium (triplicatemembranes and immunodetection as described above.
To confirm production of the His6-tagged hJagged1 in transfected wells in 96 well plates). Serial dilutions were made and wells were
assessed for growth daily for 7±10 days. Positive wells all showedCOS cells, 10 ml of conditioned media from transfected COS cells
was collected, nickel purified, and analyzed by Western blot using continued proliferation during the period of observation and con-
tained more than 100 cells by days 7±10.an anti-His antibody. Conditioned media were first adjusted to 50
mM NaH2PO4 (pH 8.0) and 0.3 M NaCl. After 10 mM imidazole was
added, the conditioned media were mixed with 0.5 ml of nickel-NTA Acknowledgments
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